the normal lamination of the anterior CNS. Our data LIS1 Binds mNudE Specifically
In order to investigate the specificity of LIS1-mNudE suggest that regulating the structure of microtubuleorganizing centers (MTOCs) through LIS1-mNudE interbinding, we performed coimmunoprecipitation and GST pulldown experiments. mNudE was myc tagged, exactions is critical to migrating neurons. E16 and P1 mouse brain homogenates also binds to are required for nuclear migration in the fungi A. nidulans mNudE immobilized on glutathione sepharose beads as and Neurospora crassa, respectively (Minke et al., 1999;  a GST fusion protein ( Figure 2B ).
Efimov and Morris, 2000). Notably, nudE is a multicopy
The 14 mNudE clones recovered in our two-hybrid suppressor of nudF, the A. nidulans homolog of LIS1 screen allowed us to define the LIS1-interacting region (Efimov and Morris, 2000) , suggesting that NUDE protein of mNudE. Clones 13 and 87 encode amino acids 20-159 functions as a downstream effector of NUDF. Therefore, and 90-272 of mNudE, respectively, suggesting that the the murine homolog of the NUDE protein, which we refer LIS1 binding domain lies between amino acids 90-159. as mNudE, may be downstream of LIS1.
This region is part of the predicted coiled-coil structure, The full-length cDNA of mNudE encodes a 344 amino a motif that can mediate protein-protein interactions. A acid protein with a predicted molecular weight of 40 GST fusion protein containing amino acids 88-156 of kDa (Figure 1 ). mNudE shares 64% sequence identity mNudE (GST-DN) efficiently bound LIS1 from brain ho-(74% similarity) with MP43 over the entire length of both mogenates ( Figure 2B ), suggesting that the LIS1 binding proteins. In addition, mNudE shows 33% sequence domain lies between amino acids 90 and 156. identity (46% similarity) to NUDE and 35% identity (50% similarity) to RO11 (data not shown), though both fungal Lissencephaly-Causing LIS1 Mutations genes encode an extended C terminus that is not presAbrogate mNudE Binding ent in mNudE. The mouse mNudE is 86% identical to To test the importance of LIS1-mNudE interactions for rNUDE from rat (Kitagawa et al., 2000) , while a human LIS1 function, we examined whether missense muta-EST (GenBank Accession #BAA90949 and labeled as tions in LIS1 that cause human lissencephaly (Lo Nigro hNudE in Figure 1 ) and a related Drosophila gene et al., 1997; Pilz et al., 1999) disrupt LIS1-mNudE bind-CG8104 (GenBank Accession #AAF50184) encode proing. Point mutations H149R and S169P were conteins with 87% and 32% sequence identity (90% and structed in the LIS1 cDNA and then either fused to LexA 50% similarity) with the mouse protein, respectively (Fig- or myc tagged. Both of the LIS1 missense mutations ure 1A). Thus, like LIS1, NUDE is highly conserved evolucompletely abolish LIS1-mNudE interaction in the twotionarily. Another LIS1-interacting protein, Nudel, identihybrid assay ( Figure 2C the H149R and other LIS1 mutations are unstable (Sapir The mouse mNudE and Nudel encode proteins of similar et al., 1999b), in our hands, the LIS1 missense mutations size that are 55% identical in full-length sequence and were expressed at levels comparable to the wild-type 85% identical in the LIS1 binding domain ( Figure 1D ). protein ( Figure 2D ). Moreover, COS-7 cells transfected Although mNudE lacks distinctive structural motifs, with the myc-tagged LIS1 mutant constructs expressed its predicted structure suggested an amino-terminal the mutant constructs with distributions indistinguishcoiled-coil stretch ( Figure 1B ) that is the most highly able from wild-type myc-LIS1 (data not shown). Our data conserved segment of the protein evolutionarily (Figure therefore suggest that the interaction of LIS1 with 1A). Moreover, this region of NUDE by itself is sufficient mNudE is specific and may be essential for LIS1's functo complement the nudE deletion and suppress the tion in neuronal migration. nudF mutation in Aspergillus, indicating that the coiledcoil domain is sufficient for NUDE's function (Efimov and Morris, 2000) . Analyses of phosphorylation motifs mNudE Is a Developmentally Regulated, Ubiquitously Expressed Protein (Songyang and Cantley, 1998) showed that mNudE is a potential substrate for many protein kinases ( Figure 1C) , The mNudE mRNA is expressed widely in the developing brain. Northern hybridization using two probes consuggesting that mNudE is regulated by phosphorylation. Moreover, MP43, the Xenopus homolog of mNudE, was taining nucleotide sequences 1-1021 and 728-1545 of the mNudE cDNA revealed a major mRNA species of isolated as a protein specifically phosphorylated in mitosis (Stukenberg et al., 1997) , so that mNudE may resem-‫5.2ف‬ kb and a minor band at ‫4ف‬ kb in mouse embryos ( Figure 3A) . The mNudE mRNA level peaks around emble MP43 in being a target of cell cycle-dependent kinases.
bryonic day 11 (E11) and decreases at E15 and E17. (C) Two-hybrid interaction of mNudE with wild-type LIS1 and LIS1 mutant proteins corresponding to previously identified lissencephaly mutations. The interaction of mNudE with LIS1, LIS1-H149R, and LIS1-S169P were examined by the two-hybrid filter assay. mNudE was fused to the VP16 transactivation domain. LIS1, LIS1-H149R, and LIS1-S169P were fused to LexA. VP16 and LexA fusion plasmids were cotransformed into L40 strain. Two individual transformants were patched and assayed on filter paper as described in the Experimental Procedures. The activity of interaction is indicated by the blue ␤-galactosidase product. (D) Coimmunoprecipitation of mNudE with wild-type LIS1 and mutant LIS1 proteins. LIS1 and mNudE were tagged with GFP and the c-myc 9E10 epitope, respectively. LIS1-H149R, and LIS1-S169P were tagged by the c-myc 9E10 epitope. LIS1 and mNudE constructs were cotransfected into 293T cells. Whole-cell protein extracts (Whole-cell Extract) were made in lysis buffer I 44 hr after transfection, and immunoprecipitation was performed with the 9E10 monoclonal antibody, which directly immunoprecipitates myc-tagged LIS1 proteins (lanes 1-3) and mycmNudE (lane 4). Immunoprecipitates and whole-cell protein extracts were analyzed by SDS-PAGE followed by immunoblotting with indicated antibodies. As indicated on the polyclonal anti-GFP immunoblot, GFP-LIS1 and GFP-mNudE coimmunoprecipitate with myc-mNudE and myc-LIS1, respectively. However, GFP-mNudE signal was not detected in the immunprecipitates of LIS1 mutants, although these mutants appeared to be expressed and present in the immunoprecipitates at a similar level to the wild-type LIS1 as indicated by both LIS1 and 9E10 antibody blots. Like LIS1, mNudE is expressed in all tissues examined negative approach in Xenopus embryos to specifically ( Figure 3B) Figure 2B ) and that the amino acid sequence of this LIS1 binding region is 90% identical (93% similar) between In order to test whether LIS1-mNudE interactions are required for neuronal migration, we took a dominantXenopus and mouse ( Figure 1A ). An mRNA encoding fected eyes were 10%-20% smaller along the dorsalganized, and the inner and outer plexiform layers (IPL, OPL) were disrupted ( Figures 4F and 4H, arrows) . In ventral axis, with focal thickening and poor lamination of the retina. In these mildly affected eyes, the photoremore severely affected eyes, the overall dimensions were further reduced, the lens was absent, and the retina ceptor-containing outer nuclear layer (ONL), identifiable by the oil droplet-containing photoreceptor cone cells, exhibited little or no discernible lamination ( Figure 4I ). In addition to altering the size and lamination of the was often interrupted by dysplastic tissue. Similarly the fibers of the retinal ganglion cells layer (GCL) were disorretina, mNudE-DN injection also produced abnormal ar- 4K and 4L, arrows) . No abnormaliand midbrain on the injected side. In the rostral telencephalon, neuronal tissue on the injected side was thick ties were seen in GFP control injections ( Figure 4M ). At stage 40, the tectum receives input entirely from the and disorganized ( Figures 4J and 4K, arrows) . Although the forebrain of Xenopus does not show the same precontralateral eye so that the fibers of the tract projecting into the tectum on the injected side are coming from cise laminar structure that characterizes the cerebral cortex of mammals, the thickened, disordered neuronal the uninjected side of the embryo. Therefore, the disorganization is apparently due to abnormalities intrinsic architecture is reminiscent of the architectural defects seen in lissencephaly. The tectal midbrain also was thick to tectum rather than in the fiber tract itself. In contrast to the severe and consistent CNS malforand disorganized, which is further indicated by the aberrant optic tract projections into the tectum on the right mation, nonneural tissues surrounding the affected eye . Therefore, the mNudE-dynein association may also be involved in regulating cen-(Dick et al., 1996); its homolog (NUDG) in A. nidulans is also required for nuclear migration 
mNudE Overexpression Causes Ectopic Nucleation of Microtubules and Dislocation of ␥-Tubulin from Centrosome in COS-7 Cells

COS-7 cells were grown on coverslip and fixed with Ϫ20ЊC MeOH 28-36 hr after transfection. Immunofluoresence staining was performed as described (see Experimental Procedures). Double staining was performed on untransfected COS-7 cells with mNudE antisera ([A], red) and with monoclonal anti ␣-tubulin antibody ([B], green). Cells transfected with GFP-mNudE were revealed by the GFP green fluorescence ([D, G, J, and M], green), stained with ␣-tubulin antibody to reveal the microtubule structure ([E and H], red), and stained with monoclonal anti-␥-tubulin antibody to reveal the distribution of ␥-tubulin ([K and N], red). Red and green staining patterns were merged using Adobe Photoshop and labeled as "Merged" images (C, F, I, L, and O). Two fields of GFP-mNudE transfected cells are shown to better represent the spectrum of overexpression phenotypes. In (D) and (E), arrows indicate that cells express the highest level of mNudE show more severe disruption of the centrosome-based radial microtubule network; and in (K), arrows indicate that overexpression of mNudE induce the formation of ␥-tubulin fibers.
component of the centrosome, we examined the effects shaped staining pattern at the centrosome, showing instead a disorganized or diffuse pattern in the cytoof overexpressing mNudE on the microtubule network. In most interphase mammalian cells, microtubules applasm ( Figures 7J-7O) . In many cells, ␥-tubulin was localized in patches corresponding to aggregates of pear as a highly ordered radial array of tubulin fibers, while ␥-tubulin concentrates at the centrosome. In contrast to GFP-mNudE protein. In some cases, ␥-tubulin cables were also observed ( Figure 7K, arrows) , which resemble cells with no or low GFP-mNudE expression, cells that expressed high levels of GFP-mNudE showed profound the ␥-tubules seen in cells that overexpress ␥-tubulin (Shu and Joshi, 1995). As judged by the intensity of the disruption of the normal centrosome-based, interphase microtubule network (Figures 7A-7I) . In these cells, the ␥-tubulin signal, it appeared that mNudE not only altered the distribution of centrosome-associated ␥-tubulin, but disordered microtubules appeared to radiate instead from the area of highest GFP-mNudE expression. also upregulated and recruited soluble ␥-tubulin to its vicinity. The observation that mNudE interacts with Cells that expressed high levels of GFP-mNudE also showed disruption of the normal distribution of ␥-tubu-␥-tubulin and controls its distribution suggests that mNudE regulates the formation of the MTOC and hence lin. Immunostaining showed that ␥-tubulin was dislocated from the centrosome and lost its normal asterdetermines the organization of the microtubule network. Figure 1C ), cells. LIS1 missense mutations that produce stable proteins incapable of supporting neuronal migration also mitotic-specific phosphorylation of mNudE/MP43 may be a critical mechanism for regulating centrosomal funcdisrupt binding to mNudE. Moreover, blocking LIS1-mNudE/MP43 interactions produces cytoarchitectural tion. However, this possibility remains to be experimentally tested. defects in the retina, forebrain, and tectum of Xenopus embryos. Our results suggest that mNudE is a critical
The centrosomal association of LIS1/mNudE further elucidates roles of LIS1 in the formation and orientation link through which LIS1 regulates the structure and dynamics of microtubules in neurons and suggest that of mitotic spindles during cell division. Although LIS1 was initially identified due to its neuronal migration phe-LIS1-mNudE interactions play essential roles in the generation of normal CNS laminar architecture. cytoskeletal elements that are crucial to neuronal function.
RNA Analyses
For Northern blotting, total RNA was extracted from mouse tissues Experimental Procedures using Ultraspec RNA reagents (Biotecx, Houston, Texas). Total RNA (5 or 10 g) was electrophoresed and transfered to a nylon filter Yeast Two-Hybrid Screen using standard techniques. DNA probes were radiolabeled with The yeast two-hybrid screen was performed as previously described ␣- protocol. The sections were stained with haematoxylin and eosin harvard.edu) but are omitted to save space. LexA-LIS1 was made (H&E) according to standard procedure. by cloning full-length LIS1 cDNA into pBTM116. LIS1 was myc tagged at the amino terminus and subcloned into pcDNA3 (InCell Culture and Transfection vitrogen) to form myc-LIS1. LIS1H149R and LIS1S169P were made COS-7 cells and 293T cells were grown in DMEM supplemented using the Stratagene Quickchange site-directed mutagenesis syswith 10% FBS. Mouse E16 cortical primary neurons were isolated tem with the standard protocol provided by the manufacturer using and cultured on poly-D-lysine coated cover slips according to Ghosh LexA-LIS1 and myc-LIS1 as templates. Full-length mNudE was mycand Greenberg (1995). Transient transfection was done using Lipotagged at the amino terminus and cloned into the pcDNA3 to obtain fectamine Reagent (GIBCO-BRL) according to the manufacturer's myc-mNudE. GFP-mNudE was constructed by replacing the tubulin instructions. Cells were harvested 28-44 hr after transfection. coding region with mNudE cDNA in EGFP-Tubulin plasmid (Clontech). mNudE-EGFP was made by inserting mNudE into pEGFP-1 (Clontech), then further subcloned into pCDNA3. To construct GPFImmunohistochemistry and Indirect Immunofluorescence Microscopy LIS1, the LIS1 coding sequences was used to replace the mNudE coding sequence in GFP-mNudE-pcDNA3. GST-mNudE was made E16 mouse brain was embedded in OCT, sectioned at 20 m, and fixed in methanol at Ϫ20ЊC. Sections were rehydrated stepwise in by inserting myc-NudE into the GST2T vector (Pharmacia). LexAmNudE was made by cloning mNudE into pBTM116. VP16-mNudE 95%, 75%, 50% ethanol and PBS and stained with mNudE antisera and Cy3-conjugated goat anti-rabbit antibody (Jackson ImmunoRe
